AR raw data compression is necessary to reduce the huge -unt of data for downlink and the required memory on boami, In view of interferometrk and polarimetric applications k r S A R data it becomes more and more important to pay a t~~n to phase errors caused by data compression. Here, a de quantization in time entation fw on-board feasible. The FFT-BAQ outperforms the BAQ in terms of signdr4o-quantization noise ratio and phase error and allows a direct decimation of the oversampled data equivalent to FIR-filtering e domain. Impacts on interferometric phase and coh are also given. They concluded that only a 4 bit FBAQ can be used if D W s are to be generated from r e p t pass interferometry.
ntization is a verystandard lossy S A R
and is based on the Gaussian statistical raw data. A bit rate of 4 bits/sample,
The main module is a Max-Lloyd quantizer which is
The BAQ was applied in a simplified mode on several AR missions such as Magellan Mission to 3 and on the Shuttle Radar Mission (SIR-C) in pfanned to use a flexible BAQ (FBAQ) in
ENVISAT. An exmsive study was performed by Mcbed, Cumming and Seymow in [2] where interferometric phase errors and reduction of CoheGGacy due to block adaptive S A R raw data compression are estimaed.
They concluded that only a 4 bit FBAQ can be used if D W s are to be generated from r e p t pass interferometry.
tional height error due to data compression of less is assumed.
The main advantage of using a SW alone BAQ is the very s b p l e implementation. If a o n e d i n s i o n a l block size is used, af it is planned for ENVISAT, only a small memory ample is usually applied. adapted to the signal statistics block by block.
is required. This enables the design of a single space qualified ASIC for BAQ compression.
But new hardware developments let envisage more sophisticated algorithms.
First, entropy coding can be considered. However, the high entropy of S A R raw data is well-known in literature.
Lossless data compression is therefore restricted to small compression ratios. valid. All algorithms performed well. However, the best results were obtained using FFT. The compression was applied on airborne data of the experimental S A R (E-SAR)
of DLR and data of the ERS-1 satellite. The methods were compared with BAVQ, BAQ and a fuzzy BAQ regarding signal-to-distortion-noise ratio, geometric resolution, peaksidelobe-ratio (PSLR) and integrated sidelobe-ratio (ISLR), radiometric linearity and phase errors.
Considering these studies the main candidates for S A R raw data compression are the standard block adaptive quantizer and the bimk adaptive quantizer in Fourier transform domain (FFT-BA&). Up to now, FFI'-BAQ was 0-7803-5207-6/99/$10.00 Q 1 not applicable due to the higher computational requirements. But improvements in hardware design, e.g. the development of efficient FFT processors make the implementation of a FFT-BAQ possible.
DESIGN OF FFT-BAQ INCLUDING DIGITAL FILTERING
First, S A R raw data are blockwise normalized to reduce influences of the antenna pattern. Secondly, the transform is applied on large blocks of the normalized data. The transform block size is determined by the length of the correlation filter. The transform coefficients are Gaussian distributed. The variance is estimated and used by the BAQ which compresses the coefficients with a varying number of bits.
The optimum block size of the BAQ in transform domain should not exceed 32 x 32 samples and not be smaller than 8 x 8 samples. Larger block sizes in azimuth and/or range direction reduce image quality significantly. The statistic is no longer constant within the block. On the other hand it is necessary to have at least a certain number of samples per BAQ block to secure reliable estimations of the block's standard deviation. One-dimensional blocks in range are not recommended, because only a smaller block size can be selected due to the changing statistic in range direction. Therefore, we strongly recommend the BAQ working on two-dimensional blocks to get the largest blocks with an approximately constant statistic. This is in opposite to the ENVISAT solution where one-dimensional blocks are selected to save memory. This constraint is no more necessary for future systems.
The BAQ quantizes frequency coefficients with bit numbers which are more or less defined by the S A R system characteristics. For example, frequency coefficients which carry less energy due to the antenna pattern are quantized using less bits. Coefficients which will be neglected by low pass filtering are omitted. Therefore, the FFT-BAQ automatically performs digital filtering of oversampled data. No additional low pass has to be implemented. This means that any required decimation of the SAR data is carried out by the FFT-BAQ without effort.
Of course, the FFT in this case needs the estimated Doppler centroid and the processed bandwidth. Thus, Doppler parameter estimation, S A R processing and data compression are closely related to each other.
COMPARISON BETWEEN FFT-BAQ AND BAQ
We performed a detailed comparison of both approaches on data sets of airborne and spaceborne sensors (E-SAR and X-SAR) for stripmap mode. The impact of compression and decompression is measured on raw and image data. The decompressed raw data are compared to low pass filtered original raw data. The bandwidth of the original data is reduced according to the bandwidth used by S A R processing.
To measure the reconstructed image quality the decompressed raw data are processed in the same way as the unfiltered original raw data. Both images are used to evaluate signal-to-noise ratio and phase error.
The FFT-BAQ outperformed the BAQ for all considered compression ratios in the achieved signal-to-distortion-noise ratio as well as in phase noise. Further improvements for X-S A R compression are possible if antenna weighting in range is additionally taken into account. Fig. 1 shows the resulting performance in terms of signalto-distortion-noise ratio and phase error on E-SAR raw data for several blocks of data. The signal-to-distortion-noise ratio of the FFT-BAQ for n bits is similar to the BAQ using n+l bits. The same relation is true for phase noise if bit numbers n = 2 or n = 3 are used. Compression of X-SAR data by FFT-BAQ using 0.39, 2.05 and 3.07 bits/sample leads to 6 dB, 19 dB and 24 dB, respectively, in the resulting image. Thus, the FFT-BAQ using 3 bits/sample achieves the same performance as the BAQ using 4 bits/sample does. Better reconstruction is possible if a smaller compression ratio is applied and if not only in azimuth but also in range a reduced bandwidth and a weighted antenna pattern is considered. Fig. 2 depicts the signal-to-distortion-noise ratio measured on each pixel to show dependence on image contents and Fig. 3 shows the pixel by pixel phase error. The smaller the backscatter the worse is the introduced quantization error on magnitude and phase. However, this is less severe than in case of a standard BAQ. The computational -BAQ are significant, but the performance outperforms all other approaches. Consider ere are now efficient rocessors available, FFT-BAQ comes into tion for SAR raw data compression for spaceborne missions. Furthermore, the first stages of chirp scaling are FFTs and they am be used for data compression as far as it will be possible to om& the normalization step in FFT-€3
Considering this possZMe synergy with onboard proces and digital filtering, the computational costs of the FFT-BAQ are comparable to a s work to investigate this synergy and study how it in the data flow to reduce computational requirement awl make FFT-BAQ applicable for onboard SAR raw data compression.
It is an important part of the 
